Abstract: Dynamic proteoids are dynamic covalenta nalogues of proteins,w hich can be used as new adaptive biomaterials. We designed and synthesized ar ange of sugar-containing dynamic proteoid biodynamersbased on the polycondensation of different types of amino acida nd dipeptide hydrazides with ab iological aliphatic dialdehyde and an onbiological aromatic dialdehyde. By using the saccharide-based dialdehyde, the biocompatibility of biodynamerss hould be enhancedc ompared to previously reported biodynamers.
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Dynamic covalent chemistry (DCC) [1] is ap owerful tool to generate constitutionally dynamic analogueso fb iopolymers (also called biodynamers) [2] at the molecular level, namely,m olecular biodynamers. [3] Molecularb iodynamers can be produced by reversible covalentp olymerization of biorelevant monomers. Therefore, their monomeric units are linked by reversiblec ovalent bonds, such as oxime, [4] acylhydrazone, [5] disulfide, [6] and thioester bonds. [7] As ac onsequence of the inherentn ature of their bioactive constituents and reversible covalentl inkages, molecular biodynamers possessb oth biorelevant character (i.e.,b iocompatibility, biodegradability,b iofunctionality) and dynamicp roperties (i.e.,c hangeable, tunable,c ontrollable, selfhealing, and stimuli-responsive capacities). Accordingly,t he incorporation of nucleobase-,c arbohydrate-,o ra mino acidbased monomers into molecular biodynamers through equilibrium polymerization leads to the generationo fd ynamic analogueso fn ucleic acids (DyNAs), [8] polysaccharides (glycodynamers), [9] or proteins (dynamic proteoids), [10] respectively.I n particular, the construction of dynamic proteoids gives rise to the fabricationo fn ew adaptive and functionalb iomaterials, and may provide an ew system to unravel the relationship betweent he specific 3D structure of ap rotein and its related biofunction. [11] Hence, dynamic proteoids have attracted increasing research attention.
We have reported the preparation of dynamic proteoids with three differentt ypes of well-orderedn anostructures through reversiblep olycondensation of aw ater-soluble amphiphilic dialdehyde 1 with variousb ifunctionala mino acid hydrazides (Scheme1).
[10] We foundt hat the polymerizationi sd riven by the self-organization/folding of the dynamic proteoids formedt hroughh ydrophobic interactions. More importantly, side chains of amino acid hydrazidesh ave as trong influence on the rates of polymerization, structures, and dynamic properties of the resulting dynamic proteoids, including the aromaticity,c harge, and polarity.
[10b] Because the use of the nonbiological dialdehyde 1 leads to ad ecrease in biocompatibility of the resultingb iodynamers,i ts replacement with ab io-based dialdehyde, such as af uranose-based dialdehyde 2 (Scheme 1) [9] may circumvent this problem.O nt he other hand, the incorporation of saccharide residues and dipeptide hydrazides into dynamicp roteiods not only gives new hybridso fb iodynamers with potentialb iofunctionality and mimics of glycoproteins, [12] but also offers further knowledge on the rational design and production of materials with desirable nanostructures. Based on these considerations, herein, we report the designa nd synthesiso faseries of saccharide-containing dynamic proteoids through polycondensation of two dialdehydes (dialdehyde 1 is nonbiologicala nd dialdehyde 2 is bio-derived) with various types of amino acid and dipeptide hydrazidesb earing different side chains (Scheme 2).
Based on our previous study,w er ely on the formation of reversible C=Nb onds, includingb oth imine and acylhydrazone bonds, to generate dynamic proteoids.
[10] The presence of two types of C=Nb onds (true iminesa nd acylhydrazones) affords biodynamerso fd ouble dynamicity and pH-responsiveness and potentially at hird form of dynamic behavior through struc-ture-formation processes (conformational dynamics). Through the polycondensation of dialdehydes with various amino acid or dipeptideh ydrazides a-j (Scheme 1), dynamic proteoids with different particle sizes and stabilities are formed in aqueous media under mildly acidic conditions (pD % 5; Scheme 2).
We previously found the mechanism of polymerization to be nucleation elongation (NE), [13] characterizedb yt he formation of ac riticals ize of polymer chain (nucleus) ande longation of the existingp olymer,w hich is more favorable than initiation of an ew chain. At pD 5, acylhydrazone formation proceeds readily and goes to completion,w hereas the amine does not afford the corresponding imine. However,d ue to the hydrophobic and p-p-stacking interactions from the main chain, polymerization took place and generated thermodynamic biodynamers.
[10a] Our previousr esearch demonstrates that three factors, namely,a romaticity,p ositive charge and hydroxyl groups, facilitatep olymerization and stabilize the structures of biodynamers through non-covalent interactions between side chains of amino acid hydrazides and dialdehyde 1,i ncluding p-pstacking, cation-p interactions, and hydrogen bonds.
[10b] Furthermore, electrostatic forces dominate the polymerization when two oppositely charged amino acids are used. Along these lines, we designeda nd synthesized three categories of complementary dialdehyde monomers( Scheme1): 1) amino acid hydrazides bearing an aromatic ring (a), ap ositive charge (b), an egative charge (c), and ah ydroxyl group (d); 2) dipeptide hydrazidesc ontaining two aromatic rings (e), two positive charges (f)o rt wo hydroxyl groups (g), which should representa ne nhancement of one beneficial factor;a nd 3) dipeptide hydrazides consisting of two different types of side chains, which represent ac ombination of two beneficial factors, such as an aromatic ring and ap ositive charge (h), an aromatic ring and ah ydroxyl group (i), and a positive charge and ah ydroxyl group (j). We synthesized monomers 1, 2,a nd a-d according to published procedures, [9, 10] and dipeptide hydrazides e-j by standard solid-phase peptides ynthesis (SPPS; Scheme S1 in the SupportingI nformation). By following the polymerization through 1 HNMR spectroscopy andc haracterizingt he biodynamers generated by dynamic light scattering (DLS), static light scattering (SLS), and cryo-transmission electron microscopy (cryo-TEM), we studied the respective influence of the three factorso np olymerization and particles ize of the resulting biodynamers, which coulds et the stage for the rational design of nanostructures as smart andf unctional biomaterials.
Replacemento fdialdehyde 1 with af uranosebased dialdehyde 2 should improvet he biocompatibility of the resulting biodynamers. Moreover,h ydroxyl groups in dialdehyde 2 can stabilize the biodynamers through hydrogen bonds and/orO H-p interactions. Additionally,b yc omparing the aromatic dialdehyde 1 with the aliphatic dialdehyde 2,t he influence of the aromatic backbone on biodynamer formation can be evaluated. Polycondensation of dialdehyde 2 with monomeric hydrazides a-j in mildly acidic aqueous [D 3 ]acetate buffer at room temperature gave the corresponding biodynamers, which we monitored by 1 H-NMR spectroscopy ( Figure S1 in the Supporting Information). The consumption of dialdehyde 2 (Table S1 in the SupportingI nformation) illustrates that only poly(2-a), poly(2-e), and poly(2-h) formed and consumed most of dialdehyde 2 at room temperature, whereas the other hydrazides only consumed as mall amount of dialdehyde 2 at equilibrium. Such findings can be attributed to the decreased reactivity of dialdehyde 2 compared with dialdehyde 1.H owever,i ta lso demonstrates the importance of aromatic main chains for the formation of biodynamers. An aromatic core provides the driving force for polymerization and stabilizes the resulting dynamic proteoids through p-p-stackingi nteractions. On the other hand, the successfulg eneration of poly(2-a), poly(2-e), and poly(2-h)a t room temperature also demonstrates the importance of aromatic side chains in polycondensation through p-p stacking interactions. To generate the remaining biodynamers, we envisagedt oe nhance the extent of polymerization by increasing the reaction temperature or adding dialdehyde 1.
Because imine formation can be acceleratedb yr aising the reaction temperature, [14] we performed the polycondensations at ah igher temperature (50 8C; Figure S2 in the Supporting Information)a nd observeds ignificant incrementsi nc onsump- (Table S1 in the SupportingI nformation).T his leads to the formationo ft he corresponding biodynamersa nd demonstrates that highert emperature speeds up polycondensation and facilitates the generation of biodynamers. Poly(2-b-c)w as designed bearingo ppositely chargeds ide chainst oe valuate the importance of electrostatic interactions. Because poly(2-b-c)c annotf orm at room temperature, it demonstrates that electrostatic attractions between oppositely charged monomersa re not as strong ad riving force as aromatic rings to initiate polycondensation. Compared with poly(2-d)a nd poly(2-b)a t5 0 8C, however,t he extento f polymerization of poly(2-b-c)w as increased by the electrostatic attractions. Wec haracterized the particle sizes and aggregation number of the dynamic proteoids formedb yD LS, SLS (Table S3 ,F igures S6 and S7 in the Supporting Information) and cryo-TEM ( Figures S3 and S5 in the Supporting Information). We observed globularo bjects with sizes ranging between approximately 1a nd 5nm. For solutions composed of particles with hydrodynamic radius R h close to 1nm, the DLS signal is rather low giving al arger error bar for R h and molecular weight. For some samples, the correlationf unction is bimodal indicating the presence of am inority second population of larger aggregates, which can be neglected (see the Supporting Information). Poly(2-e)h as one of the biggest particle sizes, presumably due to p-p stacking interactions. Additionally, poly(2-g)b earing hydroxyl groups is stabilized through hydrogen-bonding interactions.
We preparedp oly(1-2-a), poly(1-2-d), poly(1-2-e), poly(1-2-f), and poly(1-2-g)t hrough polymerization of half an equivalent of both dialdehydes 1 and 2 with one equivalent of the corresponding amino acidh ydrazide at room temperature (Scheme 2c and d; and Figure S4 ,T able S2 in the Supporting Information). In the case of poly(1-2-d)a nd poly(1-2-g), 51 and 53 %o fd ialdehyde 2 was consumed in comparison with 4 and 26 %f or poly(2-d)a nd poly(2-g), respectively (Table S2 in the Supporting Information). We observed no clear enhancement in product formation in the case of poly(1-2-a), poly(1-2-e), and poly(1-2-f). In some cases,a ddition of dialdehyde 1 may stabilizet he generated biodynamer through p-p-stacking and/or OH-p interactions and result in significant enhancement of product yield. From LS andt he cryo-TEM image of poly(1-2-a) ( Table 1a nd Figure S3 ei nt he Supporting Information), we observed globular nano-object structures with ap article size of 1.42 AE 0.17 nm, which can be ascribed to p-p stacking interactions between the aromatic cores of dialdehyde 1 and the aromatic side chains of monomer a.I na ddition, hydroxyl groups in dialdehyde 2 maya lso contribute to the resulting architectures through hydrogen-bonding and OH-p interactions. Moreover,p oly(1-2-d), poly(1-2-e), and poly(1-2-g)a re much larger nanostructures with highera ggreScheme2.Schematicrepresentation of the preparation of dynamic proteoids through reversible polycondensation of (a) dialdehyde 2 with amino acid hydrazides a, b, d;(b) dialdehydes 2 with dipeptide hydrazides e-j;(c) dialdehydes 2 (1.0 equiv) with amino acid hydrazides b (0.5 equiv) and c (0.5 equiv); (d) dialdehydes 1 (0.5 equiv) and 2 (0.5 equiv)with amino acid hydrazides a or d (1.0 equiv); (e)dialdehydes 1 (0.5 equiv) and 2 (0.5 equiv) with dipeptide hydrazides e-g (1.0 equiv) in aqueous [D 3 ]acetate buffer at pD 5.
gation numberst han corresponding poly(2-d), poly(2-e), and poly(2-g), which demonstrates that the addition of dialdehyde 1 provides furthers tability to the resulting biodynamers and facilitates the formationo fn anostructures through p-p-stacking interactions. Their R g /R h ratio is largert han 2,i ndicating the formation of elongated structures, such as rods, and already observedf or similars ystems.
[10b, 15] Assuming ar od-like structure, an estimate of the length of the rods of approximately 200 nm can be obtained by using the radius of gyration: L = R g p 12.
In addition, the rate of polymerization (poly(1-2-a)) was studied by monitoring the consumption of dialdehyde 1 and 2 in polycondensation ( Figure S8 in the Supporting Information).A tt he very beginning of the polymerization, dialdehyde 2 was consumed much faster than dialdehyde 1,w hich demonstrates that dialdehyde 2 was quickly involved into the nucleation process to generate the nucleusf or the polymerization owing to its weak steric hindrance, andasmall percentage of dialdehyde 1 could easily stabilize the nucleust oi nitiate the polymerization. When the polymerization proceeds, more and more dialdehyde 1 is incorporated into the resulting polymers to drive the polymerization and stabilizethe dynamic proteoids formed. Taken together,b iodynamersw ith improved biocompatibility and well-ordereds tructures can be generated through both methods, which are stabilized by self-folding of the resulting polymers through various non-covalent interactions, including p-p-stacking, hydrogen-bonding, and OH-p interactions.
In conclusion, we designed and preparedarange of saccharide-containing dynamic proteoids throughf ormation of two types of reversible C=Nb onds (imine and acylhydrazone). To improvet he biocompatibility,w ei ncorporated biological dialdehyde 2 into the resulting biodynamers. The use of sugar-derived dialdehyde 2,however,decreased the extent of polymerization. Thus, we improved the extent of the reaction between hydrazides with dialdehyde 2 by raising the reaction temperature or adding aromatic dialdehyde 1.W ec haracterizedp olymerization and the particle size of the biodynamers formed and demonstrated that the nature of the side chains of amino acid hydrazides, including their aromaticity,c harge and polarity,h ave as trong influence on polymerization and particle size of the resultingb iodynamers.T aken together,t hese findings provideacombination of chemical, biological, and combinatorial approaches to design and prepared ynamic analogues of proteins (glycoproteins). The biodynamersg enerated combine the biocompatibility and functionality of biological components with adaptability stemming from the dynamic covalent bondst oa chieve synergistic properties, which can be used as adaptive functional biomaterials in both biomedical and bioengineering fields. More specifically,t he construction of dynamic proteoids might enable the design and production of glycoproteins with new or desired functions by unravelling the relationship between 3D structure andb iofunction.I na ddition, protein-protein complexes are an emerging class of drug targets. The use of sugar-containing dynamic proteoids might also offer an ew strategy to design,i dentify,a nd synthesize dynamic inhibitors of protein-protein interactions [16] to overcome their large, flat, hydrophobic, and solvent-exposed contact surfaces. 1820319 poly(1-2-d)- [g] 27.4 AE 164 AE 5880.0 [e] 492996560 poly(1-2-e)- [g] 23.6 AE 154 AE 51254.4 [e] 568220453 poly(1-2-f)- [g] - [d] - [d] 1218.6 [e] - [d] - [d] poly(1-2-g)- [g] 23.1 AE162.9 AE 51054.2 [ f] The presence of as lowm ode associated to am inority populationo fl argea ggregates overestimates the calculated aggregation numbero ft he nano-objects.
[g] Experiments were not performed. For the other solutions error bar is % 10 %. M dimer = dimer molecular weight; M w,app = apparent weight-averaged molecular weight obtained from SLS;a nd N = aggregation number.
